Legionella pneumophila uses a single homodimeric disulfide bond (DSB) oxidoreductase DsbA2 to catalyze extracytoplasmic protein folding and to correct DSB errors through protein-disulfide isomerase (PDI) activity. In Escherichia coli, these functions are separated to avoid futile cycling. In L. pneumophila, DsbA2 is maintained as a mixture of disulfides (S-S) and free thiols (SH), but when expressed in E. coli, only the SH form is observed. We provide evidence to suggest that structural differences in DsbB oxidases (LpDsbB1 and LpDsbB2) and DsbD reductases (LpDsbD1 and LpDsbD2) (compared to E. coli) permit bifunctional activities without creating a futile cycle. LpdsbB1 and LpdsbB2 partially complemented an EcdsbB mutant while neither LpdsbD1 nor LpdsbD2 complemented an EcdsbD mutant unless DsbA2 was also expressed. When the dsb genes of E. coli were replaced with those of L. pneumophila, motility was restored and DsbA2 was present as a mixture of redox forms. A dominant-negative approach to interfere with DsbA2 function in L. pneumophila determined that DSB oxidase activity was necessary for intracellular multiplication and assembly/function of the Dot/Icm Type IVb secretion system. Our studies show that a single-player system may escape the futile cycle trap by limiting transfer of reducing equivalents from LpDsbDs to DsbA2.
Introduction
Legionella pneumophila is a Gram-negative opportunistic human pathogen that causes a severe and potentially fatal pneumonia known as Legionnaires' disease. These bacteria reside in aquatic environments as obligate intracellular parasites of protozoa (Rowbotham, 1980; Fields et al., 1996) where they cycle between an intracellular vegetative replicating form and an extracellular metabolically dormant cyst-like form or MIF for mature intracellular form (Garduno et al., 2002) . Cyst germination appears to be restricted to intracellular environments by an obligate requirement for the amino acid cysteine, believed to be scarce in natural environments (Tison et al., 1980; Ewann et al., 2006) . Restricted germination may also be important in the transmission of disease to humans, as Legionnaires' disease is more prevalent when environmental conditions are permissive to growth of natural amoebic hosts that amplify and concentrate cysts. Proteomic profiling identified proteins enriched for in cysts, one of which is a novel homodimeric disulfide bond (Dsb) oxidoreductase (DsbA2) that is phylogenetically distinct from the DsbA oxidases and DsbC protein disulfide isomerase (PDI)/reductases so well studied in E. coli (Jameson-Lee et al., 2011) . A 6-fold increase in dsbA2 transcript levels in cysts, when compared to levels from exponentially growing bacteria suggested that DsbA2 may be developmentally regulated and a participant in the extensive remodeling of the cell envelope during differentiation (Kpadeh et al, 2013) .
While DsbA function in other bacteria is required for motility and virulence (Heras et al., 2009) , we showed that dsbA1 mutants of L. pneumophila were indistinguishable from wildtype parental strains for infectivity (amoeba and HeLa cell models) and motility; and were essentially without correlating phenotypes, suggesting that DsbA2 likely plays a prominent role in managing disulfide bonding and protein folding (Jameson-Lee et al., 2011) . These studies also showed that expression of a mutant DsbA2(P198T) protein in L. pneumophila produced a dominant negative effect on DsbA2 function, resulting in loss of motility and infectivity, both of which are important for pathogenesis (Berger and Isberg, 1993; Brand et al., 1994; Molofsky et al., 2005) . We traced the loss of infectivity to the Dot/Icm Type IVb secretion system (T4SS) by showing that DsbA2(P198T) captured structural proteins (DotG, DotC, DotK and IcmX) of the core complex (Jameson-Lee et al., 2011; Kubori et al., 2014) . The Dot/Icm T4SS is required for virulence and delivery of nearly 300 cytoplasmic effector proteins into host cells (Chen et al., 2004; Luo et al., 2004; Huang et al., 2011; Zhu et al., 2011; Lifshitz et al., 2013) . DsbA2 is not unique to the legionellae, but is widely distributed among Gram negative bacteria that lack orthologues of DsbC and DsbG, and is highly conserved among other intracellular human, animal and plant pathogens that employ T4SSs for virulence (Coxiella, Anaplasma, Rickettesiae, Brucella, Agrobacterium, Bartonella, and Ehrlicha) (Jameson-Lee et al., 2011 , Kpadeh et al., 2013 Cho et al., 2012) . This raises the possibility that the DsbA2 lineage has evolved with or has become uniquely adapted to microbes with T4SSs.
In Gram-negative bacteria, secreted proteins enter the periplasm as linear polypeptides that must properly fold in order to become biologically active. The structural stability and function of many of these proteins and macromolecular complexes are dependent on disulfide bond cross-linkages that are catalyzed by disulfide bond oxidoreductases such as the DsbA of E. coli (Bardwell et al., 1991) . DsbA catalyzes consecutive disulfide bond formation and the disulfide is regenerated through oxidation by cytoplasmic membrane protein DsbB that delivers obtained reducing equivalents to a quinone cofactor associated with electron transport and respiration (Bardwell et al., 1991; Zapun et al., 1993; Wunderlich et al., 1993; . For proteins requiring nonconsecutive disulfide bonding or those containing inappropriate disulfides, proper folding or repair requires both reduction and isomerization of disulfides that is catalyzed by homodimeric DsbC Berkman et al., 2005; Ren & Bardwell, 2011) . DsbC is maintained in the free thiol form by DsbD, a transmembrane protein that shuttles reducing equivalents from the cytoplasmic NADPH thioredoxin-thioredoxin reductase system through an intermolecular thiol exchange process within DsbD (Zapun et al., 1995; Depuydt et al., 2009; Cho and Beckwith, 2009; Depuydt et al., 2011) . Extensive studies of the DsbA and DsbC systems in E. coli show that these systems are mutually exclusive and do not interact (Bader et al., 2001; Segatori et al., 2004; Kadokura et al., 2004; Kadokura and Beckwith, 2010) . It seems obvious that if DsbC were to be oxidized by DsbA or by DsbB that the reducing equivalents obtained from cytoplasmic pools of NADPH would be frittered away via respiration, creating a futile cycle.
We refer to the E. coli DSB system as a two-player system, where DsbA and DsbC systems do not interact. In contrast, the DsbA2 system of L. pneumophila appears to be a single player system in which homodimeric DsbA2 provides both DsbA oxidase and DsbC protein disulfide isomerase (PDI) functions (Jameson-Lee et al., 2011 and Kpadeh et al., 2013 ). An important clue as to how a single player system might escape the futile cycle trap comes from demonstrating that DsbA2 exists in the periplasm of L. pneumophila as a mixture of disulfides (oxidized S-S forms) and free thiols (reduced SH forms) (Jameson-Lee et al., 2011 , Kpadeh et al., 2013 . By contrast, DsbA is predominantly found in the oxidized state while DsbC is maintained in the fully reduced state in the periplasm of E. coli Shouldice et al., 2011) . When expressed in E. coli, DsbA2 was fully reduced by DsbD (Kpadeh et al., 2013) . Taken together, these results suggest that LpDsbB and LpDsbD must cooperate to maintain this steady state mixture. Figure 1 presents a working model of the DsbA2 single player system, with DsbA1 omitted because it is without phenotype. In contrast to E. coli, L. pneumophila expresses two alleles of dsbB (LpdsbB1 and LpdsbB2) and two alleles of dsbD (LpdsbD1 and LpdsbD2) which appear to be essential, thus suggesting non-redundant functions (Jameson-Lee et al., 2011; Kpadeh et al., 2013) . In contrast, none of the dsb genes of E. coli are essential (Bardwell et al., 1991; Kamitani et al., 1992; Kpadeh et al., 2013) .
Our previous studies had shown that expression of dsbA1 and dsbA2 in defined dsbA and dsbC mutants of E. coli, respectively were complementary (Kpadeh et al., 2013) . Here we dissect the functional roles of LpdsbB1, LpdsbB2, LpdsbD1 and LpdsbD2 by replacement of respective alleles in various defined mutants of E. coli. Functional complementation for DsbA oxidase activity was determined by gain of motility in soft agar assays while DsbC isomerase function was determined by gain of PDI activity in an engineered TEM1 βlactamase refolding assay (Ren & Bardwell, 2011) . In a complete replacement of E. coli dsb alleles with those from L. pneumophila, we demonstrate gain of motility by E. coli, confirming DsbA2 oxidase activity. Moreover, DsbA2 was maintained in the periplasm as a steady state mixture of thiols and disulfides as was observed in L. pneumophila. The unique structural differences between LpDsbD1 and LpDsbD2 and EcDsbD correlate with lower rates of DsbA2 reduction, thus enabling oxidative interactions with the LpDsbB1 and LpDsbB2. Finally, we use both a dominant negative strategy and analysis of dotG (icmE) mutants to develop a model for how DsbA2 might manage disulfide bonding in assembly/ function of the Dot/Icm T4SS.
Results

Identification and nomenclature of DsbB and DsbD proteins
Analysis of the complete sequenced genomes of L. pneumophila and related species reveals two alleles each for DsbB and DsbD. In the Philadelphia 1 strain, one DsbB, designated LpDsbB2 is annotated as LidJ (lethal in Dot) as it was selected as non-essential in a dotA mutant background (Conover et al, 2003) . Comparative amino acid sequence analysis of LpDsbB2 with DsbB of E. coli (EcDsbB) reveals both similarity and divergence in amino acid sequence, especially in the C-terminal region (see Figure 2A ). LpDsbB2 is predicted to contain five membrane spanning domains compared to four for EcDsbB. The C-terminal membrane spanning domain creates an additional periplasmic loop containing a second pair of cysteine residues unique to DsbB2 (see Figure 2A ). A second DsbB in the Philadelphia-1 strain is misannotated as DsbH, resulting from a translational start site error rather than a mutation in the reading frame. In all other sequenced strains, a canonical LpDsbB1 is present and shows a high degree of similarity with EcDsbB (see Fig. 2A ). Secondary structure/topology predictions suggest that the CXXC motif in the first periplasmic domain of LpDsbB1 is in a very short loop, predicted to be near the outer surface of the inner membrane, compared with EcDsbB. The LpdsbB1 allele from the Philadelphia-1 strain expressed a functional protein and complemented a dsbB mutant of E. coli. L. pneumophila expresses two alleles of dsbD (see Figure 1 and Figure 2B ), with LpdsbD1, also annotated as lidC and located just upstream of the groELS operon (Conover et al., 2003) , and a second DsbD (Lpg1680) referred to as LpDsbD2 located elsewhere. While Conover et al. (2003) obtained lidJ (dsbB2) and lidC (dsbD1) mutants, they were not completely characterized and our attempts to generate these mutants in L. pneumophila Lp02 and in the AA100 background, including dotA mutant strains, have not been successful (Jameson-Lee et al., 2011) . Analysis of the DsbD proteins revealed that the EcDsbD and LpDsbD1 share 34% identity and 56% similarity and conservation in both the Nα and Cγ periplasmic domains (see Figure 2B ). In contrast, the LpDsbD2 protein lacks the Nα-disulfide bond domain and contains an additional membrane spanning domain (see Figure 2B ). Both LpDsbDs contain the hydrophobic membrane embedded DsbDβ domain whose disulfide bond is accessible to both cytoplasmic thioredoxin reductase system and to the periplasmic C-terminal γ arm of DsbD (Cho and Beckwith, 2009 ). However, the LpDsbD1 protein contains additional cysteine residues in membrane spanning domains (labeled by encircled "S" in Figure 2B ) that might suggest alternative disulfide bonding arrangements. Our studies explore how these structural divergences from the EcDsbD might affect LpDsbD1 and LpDsbD2 function in managing the redox status of DsbA2.
We first evaluated the function of each of the Lpdsb alleles in complementation assays in a set of defined Ecdsb mutants. In this strategy, DsbA function was assessed by gain of motility in a soft agar motility assay. DsbA is required for formation of a disulfide bond in FlgI of the motor protein that is required for flagellar function (Dailey and Berg, 1993) . To assess protein disulfide isomerase function, we employed an in vivo folding assay of an engineered TEM1 β-lactamase by scoring for ampicillin resistance (Ren & Bardwell, 2011; Kpadeh et al., 2013) .
Evaluation of LpDsbB1 and LpDsbB2 in E. coli dsbB mutants
We first determined whether LpdsbB1 and LpdsbB2 could functionally complement a dsbB mutant of E. coli by evaluating strains for motility in soft agar. Our results reveal that both LpdsbB1 and LpdsbB2 expressed in RGP405 (ΔdsbB) strain partially restored motility compared to wild type (JP114), as shown in Figure 3 . This indicates that LpDsbBs are capable of re-oxidizing E. coli DsbA leading to partial gain of motility.
Complementation of a dsbA dsbB double mutant of E. coli
To test whether LpDsbB alleles can reoxidize LpDsbA1 or LpDsbA2, the respective genes were expressed in combinations in an E. coli double mutant (RGP438). As a control, we included a dimerization domain mutant of DsbA2 (DsbA2ΔN) whose monomeric product was previously shown to complement an EcdsbA mutant (Kpadeh et al., 2013) . As anticipated, co-expression of DsbA1 or DsbA2ΔN with either LpDsbB allele complemented motility to ~30 to 50% of wild type controls (see Figure 4A and B). These results suggest that despite structural differences, LpDsbB1 and LpDsbB2 are functionally redundant as depicted in Figure 1 . Neither LpDsbB1 nor LpDsbB2 were able to restore motility when coexpressed with DsbA2 (only LpDsbB2 results are depicted in Figure 4B ). Since only the dsbA2::dsbB2 construct was inhibitory to growth in liquid culture when induced, we cannot rule out the possibility that some toxicity might have contributed to the absence of motility in the soft agar. Since expression of the dsbA2ΔN + LpdsbB2 construct was not inhibitory to growth, perhaps the unique structure of LpDsbB2 permitted sufficient reoxidation of DsbA2 to create a futile cycle. Our previous studies had shown that DsbA2 is a substrate of EcDsbD, lending support to this possibility (Kpadeh et al., 2013) . Generally, dimeric proteins, such as DsbC or DsbA2 would be considered as poor substrates of DsbB (Bader et al., 2001; Segatori et al., 2004; Shouldice et al., 2011; Kpadeh et al., 2013) . Thus, the equilibrium required to maintain DsbA2 as a mixture of reduced and oxidized forms in L. pneumophila is most likely a function of the redox transfer efficiency between the LpDsbDs and DsbA2.
LpDsbD1 and LpDsbD2 are required for DsbA2 bifunctional activity
We first determined whether LpdsbD alleles could functionally complement an E. coli dsbD mutant (RGP666) using a PDI detector assay. In this assay, the reductant role of EcDsbD is important for the isomerase activity of DsbC. As seen in Figure 5A (lanes 3 & 4), neither LpDsbD1 nor LpDsbD2 restored isomerase activity, suggesting that DsbC was not a substrate of these alleles. Since we had previously demonstrated that DsbA2 was a substrate of EcDsbD (Kpadeh et al., 2013) and to address the possibility that the LpDsbD proteins were not being properly expressed, we next co-expressed dsbA2 + dsbD1 or dsbA2 + dsbD2 in RGP666. As seen in Figure 5A , lanes 5 and 6, co-expression of DsbA2 restored PDI activity, suggesting that LpDsbA2 with either LpDsbD1 or LpDsbD2 restores isomerase capacity to an EcdsbD mutant. Like the LpDsbBs, our studies suggest that LpDsbDs are also functionally redundant as depicted in Figure 1 .
In order to confirm that the interaction of LpDsbD1 and LpDsbD2 with DsbA2 was specific, we utilized a dsbC dsbD double mutant (RGP810) of E. coli. As shown in Figure 5B (lane 5 & 6) expression of either dsbA2 + dsbD1 or dsbA2 + dsbD2 constructs in RGP810 restored TEM1 β-lactamase function, indicating that DsbA2 was a substrate of both LpDsbD1 and LpDsbD2. In the PDI detector assay, the kinetics of refolding of TEM-1β-lactamase is dependent on the rate of reduction of DsbA2 by DsbD. An indirect measure of PDI activity can be assessed by growth at higher concentrations of ampicillin. In this regard, neither LpDsbD permitted growth on LB plates supplemented with 3 g/L ampicillin (only 2 g/L, see Figure 5 ) which was permissive when EcDsbD was present (Kpadeh et al., 2013) . We suggest that the noted structural differences between the LpDsbDs and EcDsbD ( Figure 2B ) likely weaken interactions with DsbA2 that contribute to lower PDI activity. It follows that even weaker interactions between the LpDsbDs and DsbC (no complementation) might be attributed to structural differences in orientation of the thioredoxin folds between DsbC and DsbA2 (Kpadeh et al., 2013) .
DsbA2 exhibits oxidase activity in the presence of both LpdsbBs and LpdsbDs
Our studies seem to suggest that the rate of reduction of DsbA2 by EcDsbD might have sufficiently shifted the redox equilibrium to mask any ability of LpDsbBs to oxidize DsbA2. To formally test this hypothesis, we reconstructed the DSB system of L. pneumophila in a null dsb mutant of E. coli and tested the construct for gain of motility in soft agar (indicator of DsbA oxidase function). As seen in Figure 6 , expression of pMMB206dsbA2dsbB1 or pMMB206dsbA2dsbB2 in either ZK01 (LpdsbD1 + ) or ZK02 (LpdsbD2 + ) restored motility to about 50% of WT. In this system, co-expression of dsbA2 with LpdsbB2 was no longer inhibitory to growth, suggesting that the interactions of DsbA2 with LpDsbDs are not sufficient to drive futile cycling. To confirm this possibility, we evaluated the redox status of DsbA2 using the above genetically altered constructs that were motile. As seen in Figure 7 , expression of DsbA2 in WT E. coli was fully reduced (lane 3), while in the presence of both LpdsbB and LpdsbD (lane 6 depicts the ZK02:dsbA2 + + LpdsbB1 + construct), DsbA2 is present as a mixture of oxidized and reduced forms, similar to what was reported in L. pneumophila (Kpadeh et al., 2013) . These studies confirm the model depicted in Figure 1 , by showing that a single player system can overcome the futile cycling trap if the rate of reduction of DsbA2 by the LpDsbDs is sufficiently slowed as to allow oxidation by the LpDsbBs.
Oxidase or isomerase activity?
We had previously shown that over expression of a DsbA2(P198T) cis-proline mutant in L. pneumophila exhibited a dominant negative effect on DsbA2 function by capturing Dot/Icm core protein substrates and disrupting function (Jameson-Lee et al., 2011). Since DsbA1 did not compensate for the absence of DsbA2 oxidase function (Jameson-Lee et al., 2011), perhaps the isomerase activity is essential for viability (Kpadeh et al., 2013) . To distinguish between these possibilities, we constructed a P198T mutation in DsbA2ΔN creating DsbA2ΔN(P198T). In addition, we constructed a cis-proline P150T mutation in DsbA1 (DsbA1P150T). An initial screen in an intracellular infection model (Acanthoamoeba castellani), L. pneumophila strains expressing DsbA2(P198T) or DsbA2ΔN(P198T) showed reduced rates of intracellular multiplication (one cycle with no reinfection), while overexpression of the DsbA1(P150T) construct had no inhibitory effect (data not presented). Since previous work connected DsbA2 function to assembly/function of the Dot/Icm T4SS, we employed a HeLa cell invasion model to evaluate invasiveness since this phenotype is Dot/Icm dependent (Garduno et al., 1998; McCusker et al., 1991; Newton et al., 2008; Jameson-Lee et al., 2011) . As depicted in Figure 8A , L. pneumophila strain AA100 pMMB206:empty vector (positive control) under inducing conditions readily attached to and invaded HeLa cells, while the DsbA2(P198T) -and DsbA2ΔN(P198T) -expressing mutants were significantly inhibited (P=0.001), similar to that for the avirulent dotA mutant. In contrast, the DsbA1(P150T) expressing mutant exhibited no defect in invasiveness for HeLa cells ( Figure 8B ), suggesting that DsbA1 does not compete with DsbA2 for Dot/Icm core protein substrates.
To further delineate the dominant negative effects on Dot/Icm function, we employed a well-established contact hemolytic assay of erythrocytes often used to evaluate Dot/Icm function (Kirby et al., 1998; Charpentier et al., 2009; Jameson-Lee et al., 2011) . In this model, we also included Lp02 strain JV3559, obtained from Joe Vogel, which contains an in-frame deletion of dotG (Vincent et al., 2006) . DotG, a cysteine rich structural protein (15 cysteine residues), was the most abundant protein captured by DsbA2(P198T) (Jameson-Lee et al., 2011). As seen in Figure 9A , AA100 pMMB206:empty vector mediated lysis of erythrocytes in the presence or absence of IPTG. In contrast, bacteria induced for expression of DsbA2ΔN(P198T) or DsbA2(P198T) mutant proteins did not exhibit contact-dependent hemolysis that was nearly equivalent to that of a dotA mutant (negative control). In this assay, expressed DsbA2ΔN also showed a defect in hemolysis but not as significant as with the P198T mutant constructs. However, when the dotG mutant was examined in this assay, it exhibited a hyper-hemolytic phenotype relative to the AA100 and Lp02 wild-type controls (see Figure 9B ). The result was unexpected since previous studies had shown that dotG was required for Dot/Icm function (Kirby et al., 1998; Vogel et al., 1998; Segal et al., 1998) . We verified the deletion by PCR and then tested the strain for invasiveness in the HeLa cell assay. As seen in Figure 9C , strain JV3559 was also wild type for infectivity. Apparently a truncated DotG (DotG Δ431-935 internal in-frame deletion) mutant was used in the previous contact hemolysis assay (Kirby et al., 1998) . The common phenotype (absence of hemolysis) observed with the truncated DotG protein and with the DotG -stable complexes with DsbA2(P198T) and DsbA2ΔN(P198T), but not with a clean deletion of dotG, likely result from improper protein folding that disrupts assembly of the core complex. Disulfidebonding prediction software (DiANNA) suggests DotG may form up to 7 disulfide bond pairs, but further study will be required to confirm these predictions and determine whether oxidation/reduction of disulfide bonds plays any role in function.
Discussion
We investigated how L. pneumophila manages a single player system in which DsbA2 catalyzes both periplasmic oxidation and isomerization/reduction reactions that in two player (non-overlapping) systems are catalyzed by DsbA/DsbB and DsbC/DsbD, respectively. Using a functional complementation approach we determined that both LpdsbB1 and LpdsbB2 partially complemented a dsbB mutant of E. coli by restoring motility through recycling DsbA. However, neither LpDsbB1 nor LpDsbB2 recycled DsbA2 in a dsbA dsbB double-mutant background, which we attribute to the efficient reduction of DsbA2 by EcDsbD (Kpadeh et al., 2013) masking any oxidative activity of the LpDsbBs. Co-expression of DsbA2 with the structurally unique LpDsbB2 in this mutant background was inhibitory to growth in liquid culture, suggesting that LpDsbB2 might be re-oxidizing DsbA2 and thereby draining cytoplasmic reducing equivalents through EcDsbD via futile cycling. Two lines of evidence support futile cycling: 1) co-expression of monomeric DsbA2ΔN, which is not a substrate of EcDsbD, restored motility without toxicity, and 2) in the dsb null mutant in which EcdsbD was replaced by either of the LpdsbDs, motility was also restored and without toxicity. However, our studies did not reconcile the redundancy between the duplicated alleles (LpdsbB1/LpdsbB2 and LpdsbD1/LpdsbD2) in the E. coli surrogate system, versus their apparent non-redundant essentiality in L. pneumophila. Finally, using a dominant negative approach with competing mutant proteins DsbA2(P198T) (dimer) and DsbA2ΔN(P198T) (monomer), we showed that the oxidase function of the DsbA2 is required for assembly/function of the Dot/Icm T4SS and infectivity of L. pneumophila, consistent with previous studies showing that DsbA2(P198T) formed stable complexes with DotG, DotC and other components of the core complex (Jameson-Lee et al., 2011) . These studies suggest that a single player system of disulfide bond management can exist naturally without contributing appreciably to futile cycling of reducing equivalents. The single player system (see Figure 1 ) appears to be highly dependent on the transfer of cytoplasmic reducing equivalents via DsbD to periplasmic substrates. In this regard, we found both structural and functional differences between EcDsbD and LpDsbD1 and LpDsbD2 that likely limit futile cycling. While DsbA2 efficiently complemented DsbC function in a dsbD E. coli mutant (Kpadeh et al., 2013) , neither LpdsbD1 nor LpdsbD2 complemented an EcdsbD mutant in the PDI detector assay. Expression of dsbA2 in this mutant as well as in a dsbD dsbC double mutant permitted PDI activity, although not as efficiently as in an EcdsbD background based on ampicillin resistance (Kpadeh et al., 2013) . Secondary structure/topology predictions ( Figure 2B ) revealed considerable divergence between the EcDsbD and LpDsbD1 and particularly for LpDsbD2, which lacks the Nα disulfide domain that transfers reducing equivalents to periplasmic substrates. Taken together with functional gene swap studies in an E. coli dsb null mutant expressing the L. pneumophila dsb system, we provide strong evidence to suggest that DSB formation by DsbA2 is only possible if DsbA2 is a poor substrate of LpDsbD1 and LpDsbD2, thereby enabling interactions with the LpDsbB1 and LpDsbB2 oxidases to maintain a steady state mixture of thiols and disulfides. Our findings are generally consistent with studies of DsbC-DsbA chimera fusions where these homodimers were found to interact with DsbB and catalyzed disulfide bond formation, but due to differing orientations of the thioredoxin folds of DsbA versus DsbC were poor substrates of EcDsbD (Segatori et al., 2004) . We suggest that the efficient interaction of DsbA2 with EcDsbD might indicate that the thioredoxin folds are more favorably oriented than in the DsbC-DsbA chimera (Kpadeh et al., 2013) .
Phylogenetic analyses suggested that DsbB1, DsbB2, DsbD1 and DsbD2 may be conserved in those species expressing DsbA2, particularly for intracellular pathogens expressing T4SS systems including species of Rickettsia, Bartonella, Anaplasma, Brucella, Ehrlichia, Coxiella, and Agrobacterium. However, there are plenty of exceptions such as DsbB2 being present in some species of Salmonella, Erwinia, and Vibrio. There is more variability in lineages of DsbDs in genera that do not express T4SSs, including the nitrogen-fixing endosymbionts associated with leguminous plants (Bradyrhizobium and related genera) and many soil and aquatic free-living bacteria including Azospirillum, Rhodopseudomonas and Caulobacter (Cho et al., 2012; Kpadeh, et al., 2013) . Interestingly, the DsbA2 homologue for C. crescentus previously identified as a member of the DsbA2 clade (Jameson-Lee et al., 2011) has recently been classified as ScsC (Cho et al., 2012) based on an apparent relatedness to ScsC of Salmonella typhimurium whose phenotype is suppression of copper tolerance (Gupta et al., 1997) . However, the S. typhimurium ScsC protein lacks the extended N-terminal domain (50 amino acids) required for dimerization that defines the DsbA2 clade, also annotated by NCBI as a member of the DsbA-Com1 lineage (Jameson-Lee et al., 2011; Kpadeh et al., 2013) . Com1 has been re-annotated as DsbA2 based on biological function (Jameson-Lee et al., 2011; Kpadeh et al., 2013) . We and others have noted the DsbA family is diverse in both structure and in function, perhaps reflecting the adaptability or evolution to a broad range of biological functions (Heras et al., 2009; Cho et al., 2012; Cho and Collet, 2013; Kpadeh et al., 2013; Hatahet et al., 2014) .
EcDsbD consists of three domains: an N-terminal periplasmic domain (Nα), a C-terminal periplasmic domain (Cγ), and an intervening hydrophobic membrane-embedded domain (β) as depicted in Figure 2B . Each of the three domains contains two redox-active cysteine residues, essential for the protein's function (Katzen and Beckwith, 2000; Cho et al., 2012) . DsbD homologues are found in many other bacteria Cho and Collet, 2013) . However, many bacteria including L. pneumophila express protein homologues that comprise the cytoplasmic, intervening hydrophobic membrane-embedded and N-terminal periplasmic domains, or only the cytoplasmic domain of DsbD as reported for CcdA of Rhodobacter capsulatus which reduces proteins that are homologues of CcmG (Deshmukh et al., 2000; Katzen et al., 2002) . Apparently electron transfer from DsbDβ is enough to reduce its periplasmic substrates (Gupta et al., 1997; Katzen & Beckwith, 2000; Haebel et al., 2002; Stirnimann et al, 2005) . Bioinformatic analyses revealed that the LpDsbD1 N-terminal periplasmic domain is more similar to EcDsbD than to the Salmonella Typhimurium encoded homologue ScsB (Gupta et al., 1997; Cho et al., 2012) a newly identified distinct class which comprises DsbD homologues with quite different Nα domains. Moreover, LpDsbD1 contains both the canonical DsbDβ (Cys 163 -Cys 285) domain as well as a second putative DsbDβ domain (Cys 285 -Cys 413) that might influence redox exchange across the cytoplasmic membrane. With the exception of some positioning differences in cysteine residues in the Nα and Cγ regions, these proteins appear to be structurally similar. While LpDsbD2 lacks an N-terminal Nα domain, it still recognizes DsbA2 as substrate based on the PDI detector assay, suggesting that either the Cγ domain of LpDsbD2 or the transmembrane β-domain is sufficient for thiol exchange. The fact that DsbC was not a substrate of either LpDsbDs may suggest that structural differences in the LpDsbDs are sufficient to preclude interaction, or perhaps the further extension of the N-terminal dimerization domain of DsbC versus DsbA2 might also contribute to steric hindrance.
We had previously reported that a cis-proline mutation to threonine (P198T) in DsbA2 ablated resolution of the disulfide-bond cross-links with substrates and enabled their capture (Jameson-Lee et al., 2011) . Furthermore, expression of DsbA2(P198T) mutant protein in L. pneumophila produced a dominant negative effect on DsbA2 function that included loss of virulence, motility and function of the Dot/Icm T4SS (Jameson-Lee et al., 2011) . In these studies, DsbA2(P198T) captured DotG (IcmE), DotC, DotK and IcmX, recently shown to be part of or associated with the core complex consisting of the outer membrane ring (DotH, DotD and DotC) and the DotG and DotF proteins that span the inner and outer membrane to presumably form the portal through which effector proteins traverse to host cells (Kubori et al., 2014; Sutherland et al., 2013) . DotG, a high molecular weight cysteine-rich structural protein was the most abundant protein captured by DsbA2(P198T), suggesting that DsbA2 must catalyze disulfide bonding in this protein (Jameson-Lee et al., 2011) . We found that the monomeric DsbA2ΔN(P198T) mutant protein also exhibited a dominant negative effect on DsbA2 function suggesting that the DSB oxidase function of DsbA2 is required for disulfide bond formation in DotG to promote assembly and function of the core complex. Previous studies had shown that DsbA2ΔN complemented a dsbA mutant for motility in E. coli, but not PDI activity (Kpadeh et al., 2013) . While investigating possible interactions of DsbA2 with DotG, we discovered that DotG was dispensable for contact mediated hemolysis of erythrocytes and was essentially wild type for infection of HeLa cells ( Figure 9C ). To our knowledge, deletion of the entire gene had never been formally tested for infectivity and the dotG mutant originally tested (negative) for hemolysis (Lp02 strain JV573) contained an inframe deletion (Δ431-935) that truncated the protein by nearly 500 amino acids while preserving 11 of 15 N-terminal cysteine residues and the C-terminal TrbI-like sequences (Kirby et al., 1998) . This deletion in dotG completely abolished bacterial intracellular replication and virulence , although a dysfunctional structure of the Dot/Icm complex may still be elaborated. Interestingly, two recent studies demonstrated that dotF deletion mutants were also capable of intracellular growth, though depressed for secretion of effectors (Sutherland et al., 2013; Kubori et al., 2014) . Recent dissection of the native core complex by a combination of electron microscopy and proteomic analyses suggests that the pore created by the DotC, DotD, and DotH ring structure is retained, but slightly larger in a ΔdotG deletion mutant in which DotF is intact. In the dotF mutant, DotG is intact, suggesting that DotG forms the channel through which substrates traverse and this complex may be incased by DotF (Kubori et al., 2014) . We propose that in the absence of DotG, the pore becomes wider, perhaps contributing to a hyper-hemolytic phenotype observed in this study. We suggest that the truncated DotG Δ431-935 protein becomes anchored into the inner membrane, but cannot reach the outer membrane Dot/Icm ring components, thus plugging the channel. We speculate that DsbA2(P198T) and DsbA2ΔN(P198T) also permit anchoring of DotG in the inner membrane, but they either disrupt the channel or alter co-assembly of other core components. Thus, DsbA2 appears to play a critical role in catalyzing disulfide bonding in DotG that is required for forming the cylinder through which effectors proteins traverse into host cells following contact mediated activation.
In summary, our studies contribute new functional knowledge on the biology of the DsbA2 single player system as depicted in Figure 1 , common to nearly all bacteria expressing T4SSs and many soil and aquatic bacteria that do not express T4SSs. Whether the DsbA2 system in these other bacteria also behaves similarly remains to be determined. Many of these bacteria also express a canonical DsbA, so it is conceivable that in some species, a two player system might exist in which DsbA2 essentially replaces DsbC. Likewise, further studies will be required to probe the basis for redundancy of dsb alleles (dsbB1, dsbB2, dsbD1 and dsbD2) in L. pneumophila; do they provide a cumulative advantage or is each specialized to a specific task, such as cytochrome c maturation or regeneration of periplasmic peroxidase activity? Since L. pneumophila exhibits a developmental cycle in natural environments and dsbA2 is developmentally regulated (Garduno et al., 2002; Kpadeh et al., 2013) , perhaps multiple alleles of dsbB and dsbD are also developmentally regulated and their expression synced to a particular developmental form or stage of growth. Our studies also provide some insight into the role of DsbA2 in catalyzing disulfide formation in DotG and perhaps how DsbA2(P198T) mutant protein ablates Dot/Icm function. Future studies will explore whether there are evolutionary advantages/disadvantages for disulfide bond management by a single player system over a two player system.
Experimental Procedures
Bacterial strains and growth conditions
Bacterial strains and plasmids used in these studies are described in Table I . Legionella pneumophila strains were grown aerobically at 37°C on buffered charcoal yeast extract agar (BCYE) (Pasculle et al., 1980) or in buffered yeast extract (BYE) broth and supplemented with α-ketoglutaric acid (1 mg/ml), ferric pyrophosphate (250 μg/ml), L-cysteine (40 μg/ ml), thymidine (100 μg/ml), and antibiotics where required. Starter cultures were prepared as previously described (LeBlanc et al., 2006) and used to inoculate pre-warmed BYE to an optical density at 620 nm (OD 620 ) of 0.2. For growth curve determinations, samples were taken every 3 h (triplicate) and optical density was determined at 620 nm. E. coli strains used in these studies were grown at 30°C -37°C on Luria-Bertani (LB) agar or in LB broth supplemented with the appropriate antibiotics. Antibiotics (Sigma-Aldrich Ltd.) were added to media at the following concentrations, when appropriate: streptomycin (100 μg/ml), kanamycin (40 μg/ml), gentamicin (10 μg/ml), chloramphenicol (20 μg/ml), and ampicillin (100 μg/ml).
Construction of DsbA2P198T mutants
Mutant alleles of DsbA2ΔN and DsbA1 were created as previously described for DsbA2 (Jameson-Lee et al., 2011), using primer pairs (Table 2) P198T-F and P198-R for DsbA2ΔN, and primer pairs P150T-F and P150T-R for DsbA1 to replace proline with threonine. Following PCR with flanking primers (Jameson-Lee et al., 2011; Kpadeh et al., 2013) , amplicons were restricted with EcoRI/BamHI and cloned into pMMB206 to enable expression under a controllable promoter (lacI q -and IPTG-inducible promoter) (Morales et al., 1991) . All constructs were confirmed by PCR, DNA sequencing and introduced into the AA100 strain by electroporation or by natural transformation. All genetic constructs were verified by DNA sequencing, and protein expression was determined by SDS-PAGE and immunoblotting with anti-DsbA2 serum (Jameson-Lee et al., 2011) .
Isomerization assay of DsbA2 in the presence of Lpdsb genes
The PDI detector assay utilizes the TEM1 β-lactamase of pBR322 with an engineered nonconsecutive disulfide bond (cysteine residues added, S81C and T108C) that requires disulfide bond isomerase activity to be properly folded in the E. coli periplasm (Ren & Bardwell, 2011) . Strains kindly provided by J. C. Bardwell and listed in Table 1 include RGP663 plus pPDI detector plasmid (wild-type positive control), RGP665 (RGP209 plus pPDI detector plasmid), RGP666 (dsbD mutant plus pPDI detector plasmid), and RGP810 (dsbC dsbD mutant plus pPDI detector plasmid). Ampicillin resistance was evaluated at 0, 1, 2, or 3 g/liter. For complementation studies, LpdsbD1, LpdsbD2, LpdsbD1::dsbA2, and LpdsbD1::dsbA2 were cloned into pBC or pMMB206 from amplicons generated with primers listed in Table 2 , transformed into E. coli DH5α with selection for chloramphenicol. Bacterial cells were grown overnight in the appropriate antibiotic, diluted 1:20, and grown for 2 to 3 h to an OD 600 of 0.7 with 1 mM IPTG induction. Cells were then serially diluted and plated in triplicate on LB plates with 0, 1, 2, or 3 g/liter Amp, and CFU counts were recorded at 24 h.
In vivo redox status of DsbA2 in the presence of Lpdsb genes
The redox status of DsbA2 was determined by alkylation of free thiol groups by 4acetamido-4′-maleimidylstilbene-2,2′-disulphonic acid (AMS, Molecular Probes, Eugene, OR) essentially as described previously (Jameson-Lee et al., 2011; Kpadeh et al., 2013) . Briefly, E. coli strain RGP665 dsbC containing pBCdsbA2 + and ZK02 containing pMMBdsbA2 + dsbB1 + were grown to O.D. ~0.2, then induced with IPTG and grown to stationary phase. The stationary-phase bacteria were collected by centrifugation and were divided into aliquots, one of which was first treated with 10 mM DTT ant then TCA precipitated and alkylated with AMS (reduced control), and one served as an untreated control, while AMS was used to alkylate untreated DsbA2 to assess native periplasmic redox status. Samples were analyzed by SDS-PAGE and immunoblotting with anti-DsbA2 serum (Jameson-Lee et al., 2011 , Kpadeh et al., 2013 . AMS increases protein mass by 490 Da as observed by band shift.
Attachment and invasion of HeLa cells infection assay
HeLa cells were grown in Dulbecco's minimal essential medium (DMEM) with newborn calf serum (NCS) as described previously (Garduño et al., 1998 , Jameson-Lee et al., 2011 . HeLa cells were resuspended in DMEM without antibiotics to a concentration of 10 6 cells per ml and left to adhere for 1-2 h. L. pneumophila was standardized to an OD 600 of 1.0. One hundred microlitres of the bacterial suspension was added to triplicate wells to a final inoculum 10 8 bacteria per 10 6 HeLa cells. Plates were centrifuged at 500 rcf for 5 min at room temperature in a clinical centrifuge to maximize contact of bacteria with the HeLa cell monolayer and then incubated for 3 h to facilitate infection. Following incubation, monolayers were washed six times with PBS, lysed with water and vigorous pipetting and the remaining bacteria (representing L. pneumophila which had attached to or invaded the HeLa cells), was enumerated by decimal dilutions and plated in triplicate on BCYE agar. Colonies were enumerated and mean and standard deviation determined. Statistical significance was determined by Student's t-test.
Erythrocytes contact lysis
Human red blood cells (UVA Blood Bank) were diluted in PBS, washed by centrifugation until supernatant was colorless, and incubated with bacterial strains at a moi of 25:1 to 50:1 in a final volume of ~1 ml as generally described (Kirby et al., 1998 , Charpentier et al., 2009 Jameson-Lee et al., 2011) . Legionella strains and red blood cells were mixed, pelleted for 3 min at 10 000 g, and after 1 to 2 h at 37 °C followed by gentle vortexting, 100 μl aliquots of supernatants were transferred to microtitre plates, and absorbance measured at OD 415 for hemoglobin release.
Complementation studies
An in-frame deletion of the dimerization domain of DsbA2 (DsbA2ΔN) was previously described (Kpadeh et al., 2013) . Briefly, a vector-free strategy was employed using overlapping primers DsbA2NF and DsbA2NR to join the leader sequence with sequences downstream of the dimerization domain and using flanking primers Com1FSD and DsbA2BamHIR to amplify the joined construct (LeBlanc et al., 2006) . The resulting amplicon was cloned into pBC and pMMB206 vectors. Wild-type (WT) E. coli (JCB570) and a dsbA dsbB double mutant (RGP438) were kindly provided by J. C. Bardwell. The plasmid pBC containing the coding sequence of either dsbA2ΔN + LpndsbB1 or dsbA2ΔN + LpndsbB2 or empty vector was transformed into the E. coli strains and selected by chloramphenicol resistance. Soft agar LB plates (0.4% agar) supplemented with 1 mM IPTG were prepared, and 2 μl of cell suspension was inserted into the middle of the plate. The LB plates were incubated overnight at 30°C, and motility was assessed by measuring the diameter of spreading bacterial growth and reported as a percentage of the WT control. Motility assays were performed in triplicate, and the results from representative plates are presented.
Construction of ZK01 and ZK02
Utilizing RGP438 (dsbA dsbB) mutant strain, we replaced the chromosomal copy of the E. coli dsbD with either LpdsbD1 or LpdsbD2 resulting to genetically altered strains ZK01 and ZK02, respectively. We utilized a vector free strategy using primers (DsbD1 XhoI F & DsbD1 Xbal R) and (DsbD2 EcoRI F & DsbD2 BamHI R) to amplify LpdsbD1 and LpdsbD2. We then amplified a gentamicin cassette using primer pairs (GentaSal F XhoI & Lpn Com1 GentaSaIR) and (Lpn Com1 GentaSaIF & Lpn Com1 GentaSaIR) . The amplicons were digested with appropriate enzymes and ligated creating LpdsbD1-gent and LpdsbD2-gent. The constructs with EcdsbD flanking sequences were electroporated into RGP438 competent cells and plated on antibiotic plates for gentamycin selection of chromosomally replaced dsbD. Constructs were verified by PCR with primers (DsbD1 XhoI F & Lpn Com1 GentaSaIR) and (DsbD2 EcoRI F & Lpn Com1 GentaSaIR); PCR products were validated by visualization of gel electrophoresis. Following validation, DsbA2 with either LpDsbB1 or LpDsbB2 in pMMB206 inducible vector (pA2B1 or pA2B2) were added to ZK01 or ZK02, and then utilized in motility assasys as described above to assess DsbA2 oxidase activity.
Bioinformatics and analyses
Phylogenetic analyses of the various Dsb proteins of L. pneumophila were obtained from the LegioList web server (http://genolist.pasteur.fr/LegioList/genome.cgi) and orthologous genes were obtained from GenBank by BLASTP search and aligned using CLUSTALW. Transmembrane topology predictions of DsbB and DsbD proteins were determined using Protter (Omasits et al., 2014) and TOPCONS (Bensel et al., 2009; Bensel et al., 2008; Viklund et al., 2008) . Topology predictions were indexed to E. coli proteins. Motifs were searched with SMART (http://smart.embl-heidelberg.de/). Disulfide bonding patterns for DotG were predicted using DiANNA software (http://clavius.bc.edu/~clotelab/DiANNA/). DsbA2 catalyzes both the formation of consecutive disulfide bonds in nascent polypeptides and disulfide isomerization to produce nonconsecutive disulfide bonds to facilitate extracytoplasmic protein folding (Jameson-Lee et al., 2011; Kpadeh et al., 2013) . The model suggests that both DsbB1 and DsbB2 recycle reduced DsbA2 and that both DsbD1 and DsbD2 catalyze the transfer of cytoplasmic reducing equivalents from thioredoxin reductase (TrxB) and thioredoxin (TrxA) to DsbA2. DsbA1 has no phenotype, so for simplicity has been omitted from the model.
A. DsbB topological model predictions for LpDsbB1 and LpDsbB2 and comparison with EcDsbB (E. coli) as previously shown (Inaba et al 2006) . The positions of the four essential cysteine residues that form disulphide bonds in the respective domains are indicated by S-S. Note that the S-S of domain 1 of LpDsbB2 is predicted to be within the membrane and there is a 5 th membrane spanning domain that also contains a periplasmic S-S domain. B. Topological models LpDsbD1 and LpDsbD2 and the canonical model of EcDsbD. Topological predictions of DsbD homologues depicting α, β and γ domains. Note that LpDsbD2 lacks the Nα domain. The encircled S depicts the conserved cysteine residues that form the β disulphide bond that delivers reducing equivalents across the cytoplasmic membrane in E. coli. There are additional membrane embedded cysteine residues in LpDsbD1 that might participate in disulphide bonding in L. pneumophila. Kpadeh In order to investigate the bifunctional nature of DsbA2 in E. coli, we chromosomally replaced EcdsbD in strain RGP438 (dsbAdsbB) with either LpdsbD1 + or LpdsbD2 + resulting to genetically altered strains ZK01 and ZK02, respectively. We then introduced dsbA2 + and either LpdsbB1 or LpdsbB2 (IPTG inducible) into each strain. Gain of motility in soft agar indicates complementation of DsbA function by DsbA2. JP114 is WT positive control and RGP438 is ΔdsbA ΔdsbB negative control. ZK01:pA2B1 (pdsbA2 + dsbB1 + ), ZK01:pA2B2 (pdsbA2 + dsbB2 + ), and ZK02:pA2B2 (pdsbA2 + dsbB2 + ). ZK02:pA2B1 (not depicted) was identical to results with ZK02:pA2B2. Spreading motility for each construct was ~50% of wild type and representative plates are depicted. A. Red blood cells were infected with L. pneumophila AA100 constructs in the presence (light gray bars) or absence (dark bars) of IPTG. Hemoglobin release was measured after 2h incubation of erythrocytes with AA100 WT pMMB206-empty vector control, pMMB:dsbA2, pMMB:dsbA2(P198T), pMMB:dsbA2ΔN, pMMB:dsbA2ΔN(P198T), and a AA100ΔdotA control. B. Comparison of contact hemolysis of strain AA100, Lp02, AA100ΔdotA, JV3559 (Lp02ΔdotG), and PBS control. C. HeLa cell invasion assay with Lp02 and Lp02ΔdotG strains. All assays were performed in triplicate with mean and standard deviation determined. All Asterisks (*) and (**, ***) denote statistical significance of <0.0432 and <0.001, respectively by Student's t-test. 
